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Abstract: This study explores the synergistic effect of zinc oxide (ZnO) nanoparticles and aspirin on 

the corrosion of mild steel in 0.5 M HCl solution, using electrochemical impedance spectroscopy and 

potentiodynamic polarization. The observed shift in corrosion potential upon inclusion of the zinc 

oxide-aspirin (ZA) composite was below 85 mV, indicating mixed inhibition. Notably, the charge 

transfer resistance increased from 221 Ω cm² without the ZA composite to 1650 Ω cm² with a 

concentration of 0.4 g/L ZA, suggesting the formation of a protective ZA layer on the surface of mild 

steel. Furthermore, the corrosion current density showed a significant reduction, decreasing from 1698 

µA cm-² in the absence of ZA to 201 µA cm-² with the addition of 0.4 g/L ZA. The extent of 

enhancement in charge transfer resistance (Rct) and the reduction in corrosion current density (Icorr) in 

the presence of ZA were greater than those observed in a related study that employed ZnO nanoparticles 

alone. The adsorption of ZA to the surface of mild steel aligns with the principles of the Temkin model. 

ZA demonstrated potential as an effective corrosion inhibitor for mild steel in HCl. 
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1. Introduction 

Nanotechnology has undeniably opened up a range of new opportunities and 

developments in multiple scientific fields [1]. This advancement is largely due to the distinctive 

characteristics displayed by nanomaterials, particularly metal oxide nanoparticles. These 

characteristics encompass a heightened surface-to-volume ratio, variations in particle size, 

charge, optical, morphology, mechanical, and magnetic attributes, all of which distinguish 

them from their bulk forms [2,3]. Owing to its physical, chemical, thermal, and mechanical 

stability [4] at room temperature, ZnO nanoparticles are widely utilized in diverse fields such 

as corrosion mitigation [4-6], catalysis [7], sensing [8], and wastewater treatment [9]. In 

addition to its high chemical stability, the use of ZnO nanoparticles for metallic corrosion 

mitigation may be due to their high surface-to-volume ratio [10], excellent barrier properties, 

compatibility with many metal substrates, and high electron mobility [11].  

The use of acids (such as hydrochloric acid) for pickling/descaling operations on mild 

steel (m-steel) often results in deterioration of m-steel due to the harsh nature of concentrated 

acids. Metal deterioration has caused significant economic losses worldwide. The significant 
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economic losses and accidents associated with metal deterioration have spurred the 

development of various techniques to mitigate metallic corrosion in acidic media. The use of 

corrosion inhibitors is one of the most effective and simple techniques for the mitigation of m-

steel corrosion in acid media. ZnO nanoparticles act as corrosion inhibitors by forming a 

protective layer on metal surfaces, thereby restricting the infiltration of corrosive agents. This 

process encompasses the adsorption of nanoparticles onto the metal surface, facilitated by 

physical or chemical interactions, and may also exhibit synergistic effects when combined with 

other substances. Several researchers have reported the use of ZnO nanoparticles as corrosion 

inhibitors for metals in acidic media [4-6]. For instance, Elebo et al. [5] reported biosynthesis 

of ZnO nanoparticles for the mitigation of m-steel deterioration in HCl. The researchers 

achieved the highest inhibition efficiency of 78.30 % (from potentiodynamic polarization 

studies) and 79.11 % (from electrochemical impedance spectroscopy) when 0.5 g/L of ZnO 

nanoparticles was introduced into the corrosive HCl at room temperature [5]. Similarly, Al-

Senani [4] synthesized nanoparticles of ZnO (with the aid of Convolvulus arvensis leaf extract) 

and studied their efficacy for protection against carbon steel deterioration. The findings from 

gravimetric and electrochemical investigations revealed that the synthesized ZnO nanoparticles 

exhibited appreciable inhibition efficiency and acted as a mixed-type inhibitor [4]. In their 

study, Pinto and Devadiga examined the impact of surface-modified zinc oxide nanoparticles 

on mild steel exposed to 0.5 M HCl at varying concentrations and temperatures using 

electrochemical techniques. The synthesized nanoparticles exhibited mixed inhibition 

behavior, achieving a maximum inhibition efficiency of 64% at a temperature of 40°C when 

1000 ppm of the inhibitor was applied [1]. 

The majority of compounds that have shown significant efficacy in alleviating metal 

dissolution in various environments are composed of heteroatoms such as nitrogen, sulfur, and 

oxygen, along with π-electrons. These heteroatoms and π-electrons are known for their ability 

to create adsorption sites on the metal surface, leading to the formation of an inhibitor film that 

reduces the metal's vulnerability to aggressive media. A notable example of such compounds 

is aspirin, also known as acetylsalicylic acid. This crystalline substance is commonly employed 

as an analgesic, antipyretic, and anti-inflammatory agent. Its planar structure, which includes 

electron-rich oxygen atoms and π-electrons, enhances its potential for effective adsorption on 

metal substrates [11]. Aspirin has been reported to inhibit the deterioration of metals in an 

acidic medium. Ikeuba et al. studied the inhibitory potential of aspirin for mild steel 

deterioration in an acidic medium using both theoretical and experimental (i.e, hydrogen 

evolution) techniques. The highest observed inhibition efficiency reached 79.2% when 800 

mg/L of aspirin was employed at a temperature of 333 K. In a related research study, the 

effectiveness of aspirin as a corrosion inhibitor for mild steel in 1 M hydrochloric acid was 

assessed within a temperature range of 303 to 333 K. The maximum inhibition efficiencies 

recorded were 77.58% and 77.91%, determined through potentiodynamic polarization and 

electrochemical impedance spectroscopy analyses, respectively [12]. 

Given the intriguing yet distinct characteristics of ZnO nanoparticles and aspirin, their 

amalgamation is likely to yield an enhanced protective effect against corrosion. When used in 

conjunction with another corrosion inhibitor, the collective inhibition efficiency substantially 

exceeds the sum of their individual contributions, resulting in a more effective anti-corrosion 

synergy than either constituent alone [13,14]. This occurrence is referred to as synergism. ZnO 

nanoparticles can adhere to metallic surfaces, forming a protective layer that resists corrosion. 

Meanwhile, the aspirin molecules can further reinforce this layer by chemically adsorbing to 
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the metal surface, thereby creating a more resilient protective barrier. Therefore, the aim of this 

study was to investigate the synergistic effect of ZnO nanoparticles and aspirin on the 

mitigation of m-steel deterioration in HCl. To the best of our knowledge, this has not been 

reported. 

2. Materials and Methods 

2.1. Electrochemical experiment. 

Electrochemical analyses were conducted with the aid of Metrohm Autolab 

PGSTAT204 Potentiostat/Galvanostat. 2 g of acetylsalicylic acid (aspirin) were pulverized and 

mixed with 2 g of zinc oxide nanoparticles to obtain the inhibitor (i.e., ZnO 

nanoparticles/aspirin composite abbreviated as ZA). 0.5 M HCl was employed as the 

electrolyte. Electrochemical measurements were performed in the absence and presence of 

different concentrations of ZA (i.e., 0.1 g/L, 0.2 g/L, and 0.4 g/L).  

To avert charging current and confirm system stability, open circuit potential (OCP) 

was recorded for a duration of 1800 seconds (30 minutes). This is required for the m-steel to 

dissolve at its equilibrium or free potential (Ecorr), which is achieved at a stable OCP. 

Thereafter, all the electrochemical experiments were performed at OCP conditions. The 

electrochemical experiments were performed using a cell assembly consisting of 1 cm2 exposed 

m-steel, which served as the working electrode, Ag/AgCl (which was utilized as a reference 

electrode), and platinum wire (which was employed as a counter electrode). Mild steel sheet 

comprising 98.835 Fe, 0.13 C, 0.025 Cu, 0.40 P, 0.18 Si, 0.04 S, and 0.39 Mn (wt.%) was 

employed for this study. All the reported potentials in this study are vs. Ag/AgCl. The 

electrochemical impedance spectroscopy (EIS) was performed with a signal amplitude 

perturbation of 10 mV throughout a frequency range of 100 kHz–10 mHz. The 

potentiodynamic polarization investigation was conducted in the potential range of ± 250 mV 

versus OCP at a scanning rate of 0.2 mV s–1. The data were subsequently analyzed using 

appropriate electrochemical analytical software, such as Zsimpwin 3.2 for EIS, with the fitted 

equivalent circuit simulated for a specific m-steel/HCl environment, and EC-Lab was utilized 

for the potentiodynamic polarization analyses. 

Equations 1 and 2 were utilized to calculate inhibition efficiency using PDP and EIS 

data, respectively [15]. 

%IE =
I°corr−Icorr

I°corr
×  100               (1) 

%IE =
Rct− R°ct

Rct
 ×  100                   (2) 

Where Rct stands for charge transfer resistance determined upon introduction of ZA, 

R0
ct connotes charge transfer resistance in the absence of ZA, Io

corr is corrosion current density 

obtained without ZA, whereas Icorr connotes corrosion current density obtained in the company 

of ZA. 

3. Results and Discussion 

3.1. Open circuit potential. 

Open circuit potential (OCP) profiles of m-steel in an uninhibited 0.5 M HCl 

environment and different concentrations of ZA in a 0.5 M HCl harsh environment at room 

temperature are presented in Figure 1. The OCP versus time plots revealed a noticeable change 
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in OCP values obtained in bare HCl and in ZA-enriched HCl. The OCP became more positive 

upon the introduction of 0.1 g/L of ZA, suggesting that the presence of ZA has a great influence 

on the deterioration of m-steel in HCl. The shift of OCP towards more positive values further 

increased with a surge in inhibitor concentration. This observation is in agreement with other 

reports [15]. 

 
Figure 1. OCP versus time plots for mild steel in uninhibited HCl and different dosages of ZA in 0.5 M HCl. 

3.2. Potentiodynamic polarization (PDP). 

Potentiodynamic polarization is a widely used method for assessing corrosion 

resistance by varying the electrode potential. Polarization plots for mild steel in uninhibited 

HCl and different dosages of ZA in 0.5 M HCl are shown in Figure 2, from which the 

intersection of cathodic and anodic branches was analyzed to compute corrosion current (Icorr), 

Tafel slopes (βa and βc), and corrosion potential (Ecorr). A drastic decrease in Icorr (from 1698 

μAcm-2 to 702μAcm-2) was observed upon introduction of 0.1 g/L ZA (Table 1). This 

considerable decrease in Icorr in the presence of ZA could be due to the adsorption of ZA on the 

m-steel surface, resulting in the formation of a protective ZA layer on the m-steel surface. This 

decrease in Icorr in the presence of ZA became more pronounced with a surge in ZA dosage, 

which could be due to an increase in the number of adsorbed ZA molecules. Consequently, 

inhibition efficiency (IE) and surface coverage (θ) also increased with a surge in ZA dosage. 

This observation is consistent with other reports [16-19]. The shift of values of Ecorr obtained 

upon introduction of ZA relative to values of Ecorr computed for m-steel in the bare HCl is less 

than 85 mV. This suggests that ZA exhibited mixed-type propensity [20]. The highest 

inhibition efficiency obtained in this study is higher than that reported in some studies that 

employed ZnO nanoparticles or aspirin alone [11,21,22].  

 
Figure 2. Polarization plots for mild steel in uninhibited HCl and different dosages of ZA in 0.5 M HCl. 
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Table 1. Potentiodynamic polarization (PDP) parameters for mild steel in uninhibited HCl and different dosages 

of ZA in 0.5 M HCl. 

System Ecorr Icorr βa βc θ IE 

 mV/Ag/AgCl μAcm-2 mVdec-1 mVdec-1  % 

Blank (HCl) -400 1698 61 108 - - 

0.1 g/L -425 702 63 110 0.587 58.7 

0.2 g/L -450 459 68 117 0.73 73.0 

0.4 g/L -475 201 71 125 0.882 88.2 

3.3. Electrochemical impedance spectroscopy. 

The equivalent circuit employed for fitting the impedance data is shown in Figure 3, 

while the electrochemical impedance spectroscopy (EIS) plot for m-steel in 1 M HCl, both in 

the absence and presence of ZA, is illustrated in Figure 4. Rs denotes solution resistance, Rct is 

resistance to charge transfer, Rpo represents pore resistance, and CPE refers to the constant 

phase element [10,16,23]. The data indicated the presence of two non-ideal capacitances (CPE1 

and CPE2), attributed to the surface heterogeneity between the m-steel and protective layer. 

Notably, the semicircles observed are larger when ZA is present compared to those of m-steel 

in the uninhibited HCl, indicating the inhibitory effect of ZA [24-27]. The dimensions of the 

impedance diagrams increased with a corresponding surge in ZA dosage, thereby enhancing 

the protective efficiency. Additionally, the absence of deviations in the semicircular shapes 

observed in the presence of ZA suggests that the introduction of ZA did not modify the 

corrosion mechanism of m-steel in HCl. The presence of ZA boosted Rct (Table 2) [20]. A 

consistent surge in Rct and inhibition efficiency with ZA dosage was observed, which could be 

due to a surge in adsorbed ZA molecules on the m-steel surface. The increase in IE with an 

increase in inhibitor dosage is consistent with other reports [28]. The percentage inhibition 

efficiency (86.6%) obtained in the presence of 0.4 g/L ZA is greater than the inhibition 

efficiency obtained in the presence of 0.5 g/L of ZnO nanoparticles, as reported by Elebo et al. 

[5]. The magnitude of the increase in charge transfer resistance obtained in the presence of ZA 

is greater than that reported by Elebo et al. for ZnO nanoparticles. The Bode plots in Figure 5, 

illustrating the impact of ZA on the corrosion of mild steel in 0.5 M HCl, showed a larger area 

under the phase angle curves when ZA was present than in its absence. This significant increase 

is correlated with inhibitor concentration, as shown in the plots [29,30]. Specifically, an 

increase in the dosage of ZA resulted in a rise in the impedance modulus (at lower frequencies) 

and a corresponding increase in the phase angles [29]. This phenomenon may be attributed to 

an increase in Rct due to the enhanced adsorption of inhibitor molecules onto the mild steel 

surface, leading to increased surface coverage and the formation of a protective film. 

 
Figure 3. Electrochemical equivalent circuit fit for the blank, uninhibited, and inhibited samples at different 

concentrations, tested at room temperature. 
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Figure 4. EIS plots for m-steel in uninhibited HCl and different dosages of ZA in 0.5 M HCl. 

Table 2. EIS data for m-steel in uninhibited HCl and different dosages of ZA in 0.5 M HCl. 

System Rs Rpo Q1x10-5 n1 Rct Q2x10-5 n1 θ IE 

  cm2  cm2 
μ-1sn 

cm-2 
  cm2 

μ-1sn 

cm-2 
  % 

Blank (HCl) 20.00 15.3 51.03 0.87 221.01 12.00 0.86 - - 

0.1 g/L 19.30 20.6 54.00 0.87 430.0 11.6 0.88 0.486 48.6 

0.2 g/L 18.99 15.3 56.3 0.87 810.0 9.1 0.89 0.727 72.7 

0.4 g/L 19.65 20.5 58.1 0.88 1650.0 7.3 0.99 0.866 86.6 

 
Figure 5. (a) Bode modulus plot; (b) phase angle plot for EIS analysis of mild steel in the company of ZA and 

without ZA in 0.5 M HCl. 

3.4. Adsorption isotherm consideration. 

Adsorption isotherm models play a vital role in corrosion research, as they facilitate an 

understanding of the interactions between corrosion inhibitors and metal surfaces. These 

interactions result in the formation of protective layers that mitigate corrosion by limiting the 

metal surface's exposure to corrosive agents. A range of adsorption isotherm models, including 

the Temkin, Langmuir, and Freundlich models, was employed to identify the model that best 

describes the interactions between the mild steel surface and the inhibitor adsorbent molecules. 

Specifically, the inhibitor concentration and surface coverage were used in accordance with 

Equations 3, 4, and 5, corresponding to the Temkin, Freundlich, and Langmuir models, 

respectively [31,32].  

𝜃 −
1

2𝑎
𝑙𝑛𝐶 −

1

2𝑎
𝑙𝑛𝐾                     (3) 

logθ = 𝑙𝑜𝑔𝐾 +
1

𝑛
𝑙𝑜𝑔𝐶                  (4) 
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C

θ
=  C +

1

Kads
                                 (5) 

 

Where C symbolizes the concentration of the inhibitors, K connotes the adsorption 

equilibrium constant, θ stands for the surface coverage, a denotes the molecular interaction 

parameter, and n is an empirical constant. 

Table 3. Parameters obtained from adsorption isotherm studies. 

 Model Slope Intercept SD R2 

Temkin     

EIS 0.26029 1.12256 0.03459 0.99094 

PDP 0.20908 1.06982 0.00417 0.99979 

Langmuir     

EIS 3.69929 1.2515 2.08116 0.35847 

PDP 3.56429 1.315 2.02317 0.35569 

Freundlich     

EIS 3.7093 1.76347 0.85038 0.88043 

PDP 0.28738 0.06021 0.00449 0.99933 

 
Figure 6. Temkin isotherm for the adsorption of ZA on m-steel in 0.5 M HCl. 

 
Figure 7. Freundlich isotherm for the adsorption of ZA on m-steel in 0.5 M HCl. 

The extent of surface coverage was determined through electrochemical impedance 

spectroscopy and potentiodynamic polarization data. The resulting linear correlations between 

the degree of surface coverage (θ) and inhibitor concentration, illustrated in Figures 6, 7, and 

8, along with the correlation coefficients (R2) presented in Table 3, indicated that the Temkin 
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isotherm model provided the most accurate fit when compared to the Freundlich and Langmuir 

models [33,34]. This finding implies that the adsorption of the inhibitor onto the mild steel 

surface adheres to the principles of the Temkin model. This finding stands in contrast to certain 

studies that utilized ZnO nanoparticles solely as corrosion inhibitors. For example, in research 

by Al-Senani et al. [4] examining the effectiveness of ZnO nanoparticles in inhibiting carbon 

steel corrosion in hydrochloric acid, the adsorption of these nanoparticles onto the metal was 

found to align with the Langmuir model, as opposed to the Freundlich and Temkin models. 

Likewise, a study by Mchihi et al.  [20] indicated that the adsorption of ZnO nanoparticles on 

the surface of m-steel was best described by the Langmuir model when compared to other 

isotherm models. This indicates that a synergistic effect may influence the adsorption 

characteristics of the corrosion inhibitors. 

 
Figure 8. Langmuir isotherm for the adsorption of ZA on m-steel in 0.5 M HCl. 

4. Conclusions 

The zinc oxide-aspirin composite functioned as a mixed inhibitor. Importantly, the 

composite's presence led to a substantial increase in charge-transfer resistance. Additionally, 

the corrosion current density decreased markedly with the incorporation of the zinc oxide-

aspirin composite. The degree of improvement in charge transfer resistance (Rct) and the 

reduction in corrosion current density (Icorr) associated with zinc oxide-aspirin composite 

surpassed those reported in a related investigation involving ZnO nanoparticles alone for the 

reduction of mild steel corrosion in hydrochloric acid. Therefore, zinc oxide nanoparticles-

aspirin composite appears to hold promise as an effective corrosion inhibitor for mild steel 

exposed to hydrochloric acid. Nonetheless, multiple avenues warrant further exploration to 

optimize, validate, and broaden the scope of this system’s application. Future investigations 

might prioritize surface-sensitive methodologies, including X-ray Photoelectron Spectroscopy 

(XPS), Atomic Force Microscopy (AFM), and Transmission Electron Microscopy (TEM), to 

thoroughly examine the interaction mechanisms occurring between ZnO nanoparticles, aspirin, 

and the steel substrate at both atomic and molecular levels. Additionally, research may leverage 

computational approaches, such as density functional theory and molecular dynamics 

simulations, to clarify the mechanisms underlying the synergistic inhibition process. 

Systematic analyses aimed at identifying the optimal ratio of ZnO nanoparticles to aspirin to 

achieve peak inhibition efficiency will constitute another significant area of future research. 
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